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Abstract- This paper adopts ordinary CCD cameras and IR filters to constitute IR cameras for a 
marker-based quadri-ocular tracking system. However, the IR filters will affect the accuracy of the 
tracking system. Therefore, this paper analyses the refraction of IR filters and finds IR filters will bring 
about the biggish radial distortion on imaging process. And then, this paper directly uses Zhang’s 
technique to calibrate the parameters of IR cameras in infrared environment by adjusting the imaging 
conditions of calibration. To improve the accuracy and satisfy the real-time requirement of the tracking 
system, a real-time method to correct the radial distortion is proposed in this paper. The experiments 
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show that the speed of the correction method is satisfactory, and the accuracy of tracking system is 
effectively improved by the method. 
 
Index terms: CCD Sensor, Infrared Pass Filter, Radial Distortion, Calibration, Correction. 
 
 
I. INTRODUCTION 
 
A charge-coupled device (CCD) can convert the lights projected onto it into digital signal by 
accumulating an electric charge proportional to the light intensity. Compared with photographic 
film captures only about 2 percent of the incident light, a CCD can respond to 70% of the 
incident light. This efficiency makes the CCD a major technology for digital imaging. CCD 
sensors have been widely used in digital camera, vidicon, scanner, and many applications [1~3]. 
Moreover, CCD sensors are sensitive to near-infrared light, thus they are used in infrared 
photography and night-vision devices, especially marker-based tracking systems [4]. 
These tracking systems locate some markers that are spheres coating with infrared reflective 
material to recognize several objectives and estimate their pose [5, 6], such as the Polaris from 
Northern Digital Inc. and the Firefly Motion capture system from Cybernet System Corporation. 
The figure as followed is a schematic diagram of IR tracking system. 
 
Figure 1. The schematic diagram of IR tracking system. 
 
However, these systems are binocular systems, which often fail in occlusion and ambiguity of 
point match [7]. 
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Aiming to solve this problem, the authors of this paper proposed a quadri-ocular tracking system 
(see Fig. 2). The tracking system equip four IR cameras consist of four ordinary CCD cameras 
and infrared (IR) filters. The IR filters are put before the lens of the ordinary CCD cameras to 
block all visible light and let only infrared light pass. During the process of tracking, the infrared 
light emitted by some IR lamps are reflected by the IR markers, then pass through the IR filters 
and lens, finally project on the CCD sensors of the Cameras.  
 
Figure 2. The quadri-ocular tracking system. 
 
The tracking systems are based on some parameters of cameras, which include the intrinsic 
parameters, extrinsic parameters and distortion coefficients. There are many calibration 
techniques to obtain these parameters under visible light conditions [8~11]. Unfortunately, IR 
filters not only cut off visible light, but also divert the path of infrared light, which brings about 
the distortion of imaging process. 
This means that the parameters obtained under visible light environment can not be used in 
infrared light environment directly. This paper mainly discusses the influence of IR filters on 
imaging process, and then proposes a calibration technique to obtain the parameters of IR 
cameras and a fast method to correct the distortion for markers-based tracking systems. The rest 
of this paper is organized as follows. Section 2 analyzes the influence of IR filter. Section 3 
discusses the technique to calibrate the parameters of IR cameras and the imaging processing for 
IR image, and then the fast method is proposed in section 4. Section 5 is a conclusion. 
 
II. THE ANALYSE OF IR FILTER 
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a. The Distortion Derived from IR Filters 
In general, IR filters are made by coating a substrate with multiple layers optical film, which can 
reflect the unwanted portion of the light. The thickness of coating film is within a few tens of 
nanometers. Compared with substrates, the thickness of coating film is very small, so that the 
path of infrared light is mainly affected by substrates. This paper neglects the influence of coating 
film, and discusses the imaging process with IR filter (see Fig. 3).  
 
Figure 3. The pinhole model with an IR filters. 
 
Where α is the angles of incidence, β is the angles of refraction, and h is the thickness of 
substrate. P is the principal point of CCD sensor, and O is the pinhole of camera. This means the 
line OP perpendicular to CCD sensor, and the distance of OP is the focal length, f. If there is no 
the IR filter, the infrared ray will travel in a straight line and project on F that is named as ideal 
projection. In fact, the refraction of the IR filter alters the path of infrared ray and projects on D 
that is named as actual projection. The distance between D and P is denoted as r, the distance 
between D and F is the distortion denoted by δ. 
According to Snell's law, the relationship between the angles of incidence and refraction as 
follow. 
  s i n s i nn   .                                (1) 
α 
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With the geometrical relationships in Fig. 2, the distortion between ideal projection and actual 
projection can be deduced as follows, 
2 2 2 2( 1)
hr hr
f n f n r
  
 
                          (2) 
where δ is the distortion, r is the distance between actual projection and principal point, h is the 
thickness of substrate, n is refractive index of substrate and f is the focal length of camera. 
For an imaging system, its n, h, f and principal point are fixed, so δ is determined by the distance 
between actual projection and principal point. Therefore, an IR filter brings about a radial 
distortion on imaging process. 
 
b. The Attributes of Distortion Derived from IR filters 
It can be found from equation (2) that when the refractive index is equal to one (n=1) or the 
actual projection is on the principal point (r=0), there is no distortion derived from IR filter (δ=0). 
Besides, equation (2) is the increasing function of r and n, is the decreasing function of f, and is 
proportional to h. These analyses indicate that a telephoto camera with a thin IR filter has rather 
small distortions derived from the IR filter. Typically, the IR filters adopt K9 glass as substrates. 
The refractive index of K9 glass is 1.5, and its thickness is between 0.2mm and 2mm. In 
additional, this paper adopts cameras whose focal lengths are about 8mm and the size of CCD 
sensors is 4.8mm×3.6mm. Based on these parameters, this paper computes the radial distortion 
with the variable, r; the results are in Fig. 3. 
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Figure 4. The relationship between the thickness of a substrate and radial distortion derived from 
IR filters. 
 
In the Fig. 4, h is the thickness of the substrate. It can be seen that when the thickness is 2mm, the 
radial distortion is about 1/10 of the distance to principal point; when the thickness is 0.2mm, the 
radial distortion is about 1/100 of the distance to principal point. Fig. 4 shows the radial distortion 
derived from IR filters is considerably biggish. For a high-precision tracking system, the radial 
distortion must be calibrated and corrected before using it. 
 
III. THE TECHNIQUE OF CALIBRATION FOR IR CAMERAS AND IMAGE 
PROCESSING 
 
a. Calibration for IR Camera 
The section 2.1 indicates that the distortion derived from IR filters is a radial distortion. On the 
other hand, traditional calibration techniques under visible light environment, such as Zhang’s 
technique [11], involve the algorithm to obtain the distortion coefficients.  These two reasons 
implicit the Zhang’s technique can be used to calibrate IR cameras. Zhang’s method is based on 
the gridiron pattern with white and black squares. However, in most cases, the gridiron pattern 
printed on a white paper can’t be seen by IR cameras, due to there is little infrared light in indoor 
environment and the reflection of white papers is not enough high for infrared. 
To solve this problem, this paper introduces coated papers that are very bright and smooth to 
make a gridiron pattern. During the course of calibration, with setting a big exposure of IR 
cameras and using a high-power IR lamp to illuminate the gridiron pattern, a clear image of the 
gridiron pattern can be captured by IR cameras. In this way, the images of gridiron pattern can be 
obtained, and then, Zhang’s technique can be used to calibrate the parameters of IR cameras 
directly. 
Haibin Wang, Qing He, Guan Guan, Bin Leng, Dewen Zeng, The Fast Method For Correction of Distortion on 
 Infrared Marker-Based Tracking System
264
 Figure 5. The pinhole model with an IR filters. 
 
b. Image Processing 
Before correcting the distortion of lens and IR filter, infrared light image should be processed, 
including: image binarization, connected components labeling, recognizing ellipse, and 
calculating the center of ellipse. The center of ellipse will be regard as the actual projection of the 
center of marker in the next step.  
Due to visible light is blocked by IR filter, there are some significant projections of markers and 
noises from smooth surface in infrared cameras (see Fig. 6 (b)). This paper utilizes an empirical 
threshold of gray value to obtain a binary image, and then implements a fast algorithm to 
construct some isolated connected domain of projections (see Fig. 6 (c)) [12]. 
 
  (a) visible light image     (b) infrared light image    (c) connected domain  
Figure 6. Image processing of infrared image 
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It is obviously found from Fig. 5 (c) that the projection of marker is a ellipse, and its size is 
bigger than the noises. So the projection of marker can be recognized from some connected 
domain candidates by its shape and size. The threshold of size is set by a work volume, in which 
the size of projection of marker is limited within a range. Finally, the grayscale centroid is used to 
compute the projection of the center of a mark as follows. 
( , ) ( , )
( , ) ( , )
i j i i j i
i j i j
G u v u G u v v
u v
G u v G u v
                     (3) 
where ( , )i ju v  belong a valid connected domain of projection of marker, ( , )i jG u v  is its gray 
value, and ( , )u v is the center of the projection of marker. According to the intrinsic parameters of 
camera, the pixel coordinates, ( , )u v , can be transform to an image coordinates, ( , )d dx y , which 
will be used in distortion model. 
 
IV. THE CORRECTION OF RADIAL DISTORTION 
 
Correcting the distortions of cameras can effectively improve the accuracy of tracking systems. 
Moreover, as the tracking systems track objectives in real-time, the correction method should be 
real-time as well. There are a variety of methods have been developed to accommodate various 
applications [13], but they aren’t real-time. Nijmeijer etc. proposed a real-time correction method 
that includes two VISI-circuits Error! Reference source not found., so the system is complex.  
Actually, in marker-based tracking systems, there are only several sparse points that are the 
projections of markers needing to be corrected. Besides, compared with the radial distortion, the 
tangential distortion is rather small [10][11]. Thus, this paper focuses on correcting the radial 
distortion of several sparse points that is the projections of markers center. In this way, the 
computing cost will be significantly reduced. The rest of this section is organized as follow. The 
model of distortion will be introduced, and then we will analyze the character of distortion of 
actual IR cameras, finally we will put forward a fast method to correct the distortion of several 
points.  
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 a. The Model of Distortion 
The distortion model is the following equations [11]: 
2 4 2 2
0 1 2 1 2(1 ) (3 ) 2x x k t k t p x y p xy                           (4) 
2 4 2 2
0 1 2 2 1(1 ) (3 ) 2y y k t k t p y x p xy                           (5) 
0 /dx x f , 0 /dy y f , '/x x f , 0 /dy y f ,
2 2t x y   
where 1k and 2k are the radial distortion coefficients, 1p and 2p  are the tangential distortion 
coefficients, f is the focal length; ( ', ')x y is the ideal projection. In particular, ( , )d dx y is the 
actual projection and can be derived from ( , )u v (see Equation (3)). 
 
b. The Character of Distortion 
Firstly, this paper compares the parameters of an ordinary camera and the IR camera. In 
experiments, firstly, an ordinary camera is calibrated by Zhang’s technique; and then, the IR 
camera is constituted by putting an IR filter before the lens of the ordinary camera; finally, the IR 
camera is also calibrated by Zhang’s technique. The results are in Table I. 
 
Table 1: The parameters of cameras (mm) 
parameters ordinary camera IR camera 
focal length f= 8.441 f= 8.508 
Principal Point (4.371, 2.865) (4.360, 2.866) 
radial distortion coefficient 
1k =-0.17569 1k = -0.18538 
radial distortion coefficient 
2k =0.21715 2k = 0.22122 
tangential distortion coefficient 
1p =0.00082 1p = 0.00053 
tangential distortion coefficient 
2p =0.00045 2p = 0.00003 
 
Generally, the focal length of a camera is big than the side length of the CCD sensor in the 
camera, so is t less than 1. For our cameras, the size of CCD is 6.4mm×4.8mm, the size of pixel 
is 4.7 µm ×5µm, and focal length approximately equals to 8mm (see Table 1). As a result, the 
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size of CCD is approximate to 0.8f×0.6f. According to the results in Table 1 and the fact that t  
is less than 1, it can be seen that the IR filter mainly changes the focal length and increases the 
radial distortion. 
For convenience, some parameters are defined as follow. 
 The radial distortion in direction X: 2 40 1 2- ( )Rx x x k t k t x    
 The radial distortion in direction Y: 2 40 1 2-y ( )Ry y k t k t y    
 The tangential distortion in direction X: 2 21 2(3 ) 2Tx p x y p xy    
 The tangential distortion in direction Y: 2 22 1( 3 ) 2Ty p x y p xy    
 The radial distortion: 2 2RA Rx Ry   
 The tangential distortion: 2 2TA Tx Ty   
 The total distortion: 2 2( ) ( )DA Rx Tx Ry Ty     
According to the parameters of IR camera in Table 1, the rendering surface of distortion 
( RA  and TA ) within a range whose side length is 80 percent of focal length as follows. 
 
     (a) The surface of radial distortion and tangential distortion.  (b) The compare of two distortions 
Figure 7. The radial distortion and tangential distortion of IR camera described Table 1. 
It can be seen from Fig. 7 (a) that, in most cases, the radial distortion is far greater than the 
tangential distortion. In Fig. 7 (b), two colors represent radial distortion and tangential distortion, 
if the radial distortion is greater than tangential distortion in a point, the color of the point will 
present the color of radial distortion, vice versa. Fig. 7 (b) shows that, the radial distortion is 
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always greater than the tangential distortion, except for a small area near the center of figure and 
a small circular arc near the boundary of figure.  
Fig. 7 (a) illustrates the tangential distortion is rather smaller comparing to the radial distortion. 
Some pioneers proposed that the tangential distortion can be not taken into account for camera 
calibration [10]. So, this paper depicts the representation of the tangential distortion as follow.  
 
Figure 8. The total distortion and tangential distortion of IR camera described in Table 1. 
In Fig. 8, the white block identifies the region in which the length of tangential distortion is less 
than 20 percent of size of pixel. Consequently, the distortion model can be reduced to another 
simple model by neglecting the influence of tangential distortion as follow. 
2 4
0 1 2(1 )x x k t k t                                     (6) 
2 4
0 1 2(1 )y y k t k t                                     (7) 
0 /dx x f , 0 /dy y f , '/x x f , 0 /dy y f ,
2 2t x y   
Comparing Equation (6) and Equation (7), they have the relationship as follow. 
2 4
0 1 2
2 4
0 1 2
(1 )
(1 )
x x k t k t x
y y k t k t y
 
 
                                (8)
  
2 2 2 2 2 4
0 0 1 2(1 )x y x y k t k t                                 
(9) 
According to Equation (9), the distortion model described in Equation (6) and (7) can be 
rewritten as follow. 
5 3
0 2 1t k t k t t                                    (10) 
0 /dx x f , 0 /dy y f , '/x x f , 0 /dy y f ,
2 2t x y  ,
2 2
0 0 0t x y   
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Then this paper will discuss the total distortion DA as follows. 
 
Figure.9. The total distortion of IR camera described in Table 1. 
In Fig. 9, the darker, the smaller total distortion, and the rectangle represent the size of image 
capture by our cameras. It is easy to calculate that the distance from principal point of camera to a 
point in image, t, is less than 0.6f (4.8mm) in Fig. 9. An conclusion can be drawn from Fig. 9, in 
the image capture by our cameras, the total distortion is an increasing function of t , which is the 
distance from a point to principal point. This means that for our camera, Equation (10), that is 
distortion model, is a monotone function. In the next step, this paper will analyze the actual 
parameters from calibrated cameras, these parameters are as follow. 
Table 2: The actual parameters of calibrated cameras 
Parameters 
1k  2k  1p  2p  
Camera 1 -0.18538 0.22122 -0.00053          0.00003 
Camera 2 -0.18960    0.26815    -0.00029    0.00050 
Camera 3 -0.17670    0.18016    0.00117    0.00083 
Camera 4 -0.17569    0.20841    0.00170  0.00084 
Based on Equation (10), two functions of t  are constructed as follows. 
5 3
2 1 0( )f t k t k t t t                           (11) 
  5 32 1( )g t k t k t t                            (12) 
In these functions, 0t , 1k , and 2k are known variables, and 0( )- ( )g t f t t . Thus the shape of ( )g t
and is same to ( )f t . For this reason, we can analyze the characters of ( )f t depending on ( )g t . 
There are some curves of ( )g t , whose known variables from Table 2, as follow.  
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 Figure 10. The curves of ( )g t . 
The four function curve of ( )g t is proximately linear. This phenomenon indicates us that linear 
approximation can get a rather good estimation of ( )g t . Now let us observe the first order partial 
derivatives of ( )g t . 
 
Figure. 11. The first order partial derivatives of ( )g t  
Please note that the distance from principal point of camera to a point in image, t, is less than 0.6f 
(4.8mm). It can be observed evidently from Fig. 11 that all first order partial derivatives of ( )g t  
are bigger than zero and the second order partial derivatives of ( )g t are almost monotone 
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increasing when 0.6t f . Therefore, in the image captured by our cameras, all function curves 
are monotonically increasing.  
The authors of this paper, by testing many cameras, come to a conclusion that ( )g t is 
monotonically increasing function, and it is proximately linear in the image captured by cameras. 
Because 0( )- ( )g t f t t  is a constant, the conclusion is also applicable to ( )f t .  
c. Solving the Ideal Projection 
In Equation (11), 0t , 1k , and 2k are known, our goal is to calculate t  
from the Equation as 
follows. 
2 4 6
1 2 3 0( ) (1 ) 0f t t k t k t k t t                              (13) 
The above section 4.2 comes to a conclusion that ( )f t is monotonically increasing and 
proximately linear function. The conclusion is very valuable, and indicates that t  can be 
computed by simple Newton-iterative method. When the value of t  is calculated, the ideal 
projection of a marker,
 ( ', ')x y , can be obtained through Equation (8) and (10).  
Based on the Newton iteration method [14], the iterative form of Equation (13) is as follows. 
  
5 3
2 1 0
4 2
2 1
4 2( )
( )
'( ) 5 3 1
k t k t tf v
t t
f t k t k t

 
  
 
                       (14) 
Let *t  is the solutions of Equation (14). In terms of the physical meaning, 0t is near to *t . 
Thus, Equation (14) can be solved with initial value 0t as follow. 
5 3
0 2 0 1 0 0
1 0 0 4 2
0 2 0 1 0
5 3
2 1
1 4 2
2 1
( ) 4 2
( )
'( ) 5 3 1
( ) 4 2
( )
'( ) 5 3 1
n n n n
n n n
n n n
f t k t k t t
t t r
f t k t k t
f t k t k t t
t t t
f t k t k t


  
   
 

     
  
                 (15) 
In fixed point iteration method, the error estimation formula [16]is 
*
1
1
k k k
L
t t t t
L
  
                            (13) 
where L  is a positive number and 1L  . Only if 1k kr r   is small enough, the accuracy 
required can be achieved, though L  is uncertain. So the termination condition of the iteration is 
the threshold of 1| |k kt t  and the iteration times. 
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As the distortion correction is required to be real-time, fast computing speed is very important. A 
smallest number of iterations can contribute to a fast computing speed. Some experiments are 
done to check the coefficients' influence on the iteration times and to determine the least iteration 
times. There are two test sample as follow. 
 
                         (a)                              (b) 
 Figure 12. Iterations with different coefficients. 
 
                                       (a)                                       (b) 
 Figure 13. Iterations with different initial approximations. 
In Fig. 12, samples (a) and (b) are different from each other in coefficient. However after about 
four iterations, their fluctuations both are quite. Fig. 13 shows that initial approximations of 
samples (a) and (b) also are different from each other, and after about four iterations, they have 
both quite little fluctuations. The authors test many samples, the results are similar to the 
phenomenon illustrated in Fig. 12 and, thus the conclusion is that coefficients and initial 
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approximations have little affects on iteration times after about four iterations. For clarity, the 
results of (b) in Fig. 13 are detailed as follow: 
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2 1
3 2
4 3
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6 5
0.700000
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( ) 0.720948
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x x
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 
 
 
 
 
It can be found that after four iterations, 5 4 0.0002r r  , about 1/10 pixel. This error can meet 
the accuracy requirement.  
Finally, this paper uses a Coordinate Measurement Machine (CMM) whose RMS of error is less 
than 0.005 mm and a marker on the CMM to acquire the real data. In experiments, CMM moves 
to a defined point, and then the quadri-ocular system tracks the position of the marker (see Fig. 
14). There are fifty sample positions are tested, the results is in Fig. 15.  
 
Figure 14. The results of experiment 
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Figure 15. The results of experiment 
Fig. 15 illustrates that the accuracy of the tracking system is effectively improved by the 
correction method proposed in this section, and the absolute errors of corrected points are less 
than 2mm. Besides, the method corrects a point only needs 0.12 millisecond. 
 
V. CONCLUSIONS 
 
Because CCD sensors are sensitive to infrared light and IR filters can block visible light and let 
infrared pass, this paper put an IR filter before the lens of an ordinary CCD cameras to constitute 
an IR cameras for a marker-based quadri-ocular tracking system. This paper analyses the 
influence of the refraction of IR filters. Theoretical analysis indicates that IR filters will brings 
about biggish radial distortion on imaging process, and the radial distortions is the decreasing 
function of focal length and is proportional to the thickness of substrate . This result in that the 
parameters of cameras must be calibrated in infrared environment and the distortions should be 
corrected. 
Typically, an IR camera cannot capture the images of the gridiron pattern printed on a white 
paper. This result in Zhang’s calibration technique cannot be used in infrared environment. This 
paper overcomes this handicap by setting a big exposure of IR cameras and using a high-power 
IR lamp to illuminate the gridiron pattern printed on a coated paper. The experiments show, in 
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terms of the parameters of camera, an IR filter mainly changes the focal length and the radial 
distortion coefficients.  
As the real-time requirement of tracking system and there are only several sparse points of 
markers in infrared images, this paper analyses the characters of distortion of actual cameras and  
proposes a real-time method to corrected the radial distortion on several points based on Newton 
iteration method. The experiments based on CMM indicate that our method corrects a point only 
needs 0.12 millisecond, and the accuracy of tracking system has been effectively improved. 
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